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Abstract: In implementations of the electroweak scale cosmological relaxation
mechanism proposed so far, the effect of the quantum fluctuations of the homo-
geneous relaxion field has been ignored. We show that they can grow during the
classical cosmological evolution of the relaxion field passing through its many poten-
tial barriers. The resulting production of relaxion particles can act as an efficient
stopping mechanism for the relaxion. We revisit the original relaxion proposal and
determine under which conditions inflation may no longer be needed as a source of
friction. We review alternative stopping mechanisms and determine in detail the
allowed parameter space for each of them (whether happening before, during and
after inflation), also considering and severely constraining the case of friction from
electroweak gauge boson production in models with large and Higgs-independent
barriers.
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1 Introduction
As data from the LHC have magnified the Higgs naturalness problem by enlarging the
gap between the electroweak (EW) scale and the scale of new physics, a new approach
has been pursued in the last few years to address the origin of the EW scale as the
result of a cosmological process. The relaxation mechanism by Graham–Kaplan–
Rajendran [1] is a new mechanism to solve the Higgs naturalness problem through the
cosmological evolution of an axion-like field coupled to the Higgs, called the relaxion.
While classically rolling down its potential, the relaxion field φ scans down the Higgs
mass parameter, starting from a value of the order of the cutoff scale, until a stopping
mechanism comes into play precisely when the Higgs mass parameter approaches
zero. Such proposal implies a radically new strategy to tackle experimentally the
hierarchy problem. While the original model [1] still requires the addition of new
fermions at the weak scale, it was shown in Ref. [2] that the relaxion mechanism can
be implemented without requiring any new physics at the weak scale and the only
signature of the weak scale stabilisation mechanism is the existence of very light and
weakly coupled axion-like particles with no effect at future colliders. Similarly, the
alternative implementation in Ref. [3, 4] is also very challenging as far as detection
is concerned, as the relaxion is the only predicted new physics manifestation.
While this proposal has been followed-up by a large literature addressing a va-
riety of questions (see e.g. [4] for an almost complete list of references), there are
still many open interrogations and directions for future exploration of this scenario.
Strangely enough, none of the previous works considered the effect of relaxion quan-
tum fluctuations. In fact, only the evolution of the homogeneous zero-mode has been
considered. The purpose of this work is to work out the implications of relaxion par-
ticle production on the relaxion mechanism. Our conclusions are based on the results
of a companion paper [5] that is general and applies to any axion-like particle in the
early universe subject to rolling along a potential which also features a large num-
ber of wiggles, as ubiquitous in string axion monodromy models for instance. If the
field fast-rolls and overpasses many barriers, it can produce an exponentially large
number of its quanta which backreact on the homogeneous field. We call this effect
axion fragmentation. An important question is whether this can be efficient enough
to stop the relaxion so that inflation is no longer needed as a source of friction.
In Section 2, we summarise the main results of [5]. Concretely, the only inputs
from [5] which we use in this analysis are the expression for the time scale of efficient
relaxion fragmentation ∆tfrag, the field excursion during this time ∆φfrag, and the
conditions on the Hubble expansion rate and on the potential slope which allow
efficient relaxion fragmentation. In Section 3, we take the original relaxion proposal
where the barriers of the relaxion periodic potential are generated by a new (non-
QCD) strongly interacting sector and are Higgs-dependent. We review all conditions
to be imposed on the mechanism and work out in detail the open region of parameter
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space. We treat three cases:
• Section 3.1: The relaxation mechanism occurs during inflation, like in the
original proposal [1], and the relaxion is a subdominant component of the total
energy density of the universe. We outline three different stopping mechanisms
in this case.
(i) through Hubble friction like in [1]
(ii) because of large barriers (and low Hubble friction)
(iii) through axion fragmentation (and low Hubble friction)
• Section 3.2: The relaxation mechanism occurs without inflation (self-stopping
relaxion), while the relaxion can dominate the energy density of the universe
and is fast-rolling. The relaxion stops because of relaxion particle production.
• Section 3.3: The relaxation mechanism occurs during an inflation era driven by
the relaxion itself. The relaxion stops because of relaxion particle production.
In Section 4, we examine the consequences of relaxion fragmentation on a second
interesting class of relaxion model [3, 4], where the stopping mechanism comes from
the production of EW gauge bosons. In this case, barriers of the relaxion potential
are large and Higgs-independent while the relaxion has a significant coupling to EW
gauge bosons. The universe starts in the broken EW phase where the Higgs vacuum
expectation value is large and of the order of the cutoff scale. When their mass
becomes small, EW gauge bosons can be abundantly produced and, at the same
time, they take away the relaxion kinetic energy. In this context, we show that
relaxion particle production is very efficient and very severely constrains this model.
We summarise our findings in Section 5. In Appendix A, we recap the origin of the
Higgs-dependent barrier in the models discussed in Section 3. In Appendix B, we
clarify the relaxion stopping condition used in [1]. All the detailed constraints are
presented in Appendix E. Note that the case of Higgs particle production during
relaxation was studied earlier and it was shown that it cannot be used as a stopping
mechanism for the relaxion [4] (see also [6]).
2 Relaxion fragmentation
The Higgs–relaxion potential is of the form:
V (φ, h) = Λ4 − gΛ3φ+ 1
2
(Λ2 − g′Λφ)h2 + λ
4
h4 + Λ4b cos
φ
f
, (2.1)
where Λ is the cutoff of the effective theory, and g, g′  1 should be thought as
spurions parametrizing the breaking of the relaxion shift-symmetry, λ is the Higgs
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quartic coupling, and Λb is the scale related to the non-perturbative dynamics which
generates the periodic potential. For the moment, we will neglect the dependence of
the barriers amplitude on the Higgs VEV. Electroweak symmetry breaking happens
for φ ≈ Λ/g′. One of the key points of our discussion will be to understand the mech-
anism responsible for stopping the evolution of the relaxion field and, consequently,
of the Higgs field. Our goal is to work out the implications of relaxion particle pro-
duction on the relaxion mechanism. This effect is studied in detail in Ref. [5] and is
relevant in the regime where the relaxion initial velocity is large enough to overpass
the potential barriers. We summarise the main results in this section. Ref. [5] shows
that (in general for any rolling axion-like field) the dynamics of axion fluctuations
accompanying the evolution of the axion zero-mode rolling down its potential while
passing through a large number of wiggles can be described by the Mathieu equation,
at least in the limit of constant velocity. Solutions of this equation have instabil-
ity bands where quantum fluctuations grow exponentially. The homogeneous mode
gradually looses kinetic energy as more energy goes into fluctuations. We found that
this back reaction effect can be large enough as to stop the relaxion.
Let us start by decomposing the relaxion field into a homogeneous mode plus
small fluctuations:
φ(x, t) = φ(t) + δφ(x, t) = φ(t) +
(∫
d3k
(2pi)3
akuk(t)e
ikx + h.c.
)
(2.2)
where ak are the usual annihilation operators with [ak, a†k′ ] = (2pi)
3δ3(k − k′). The
initial conditions for the mode functions uk at t→ −∞ are
uk(t) =
e−i(k/a)t
a
√
2k
. (2.3)
The equations of motion for the zero mode φ(t) and for the mode functions uk are
given by
φ¨+ 3Hφ˙+ V ′(φ) +
1
2
V ′′′(φ)
∫
d3k
(2pi)3
|uk|2 = 0, (2.4)
u¨k + 3Hu˙k +
[
k2
a2
+ V ′′(φ)
]
uk = 0. (2.5)
The dependence of Eq. (2.4) on the mode functions is such that, when uk grow, the
evolution of the zero mode φ is slowed down, consistently with energy conservation.
For the moment we will work in Minkowski space, neglecting cosmic expansion.
Equation 2.5 reads
u¨k +
(
k2 − Λ
4
b
f 2
cos
φ
f
)
uk = 0 . (2.6)
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In the limit of constant velocity φ˙, Eq. (2.6) can be read as a Mathieu equation [7],
which is well known e.g. in the context of preheating [8]. Depending on its parame-
ters, solutions of the Mathieu equation can be unstable and grow exponentially. In
the above notation, this happens if k falls in some specific bands around nφ˙/(2f),
for integer n ≥ 1. For n ≥ 2 the instability bands have small width and the expo-
nential growth of the corresponding solutions is slow. Modes that fall in the n = 1
instability band instead grow faster, and the width of the band is larger, thus they
are the principal source of friction that decelerate the relaxion.
For φ˙2/2 Λ4b the first instability band can be written as |k − kcr| < δkcr, with
kcr =
φ˙
2f
, δkcr =
Λ4b
2fφ˙
, (2.7)
and the asymptotic behaviour of uk at large t is
uk ∼ k−1/2cr exp
(√
(δkcr)2 − (k − kcr)2t
)
sin kcrt. (2.8)
The number of exponentially growing modes per unit volume is ∼ k2crδkcr. As long
as φ˙ is constant, the energy density of the fluctuations within the instability band
grows as
ρfluc(t) ∼ k2crδkcr × |u˙kcr|2 ∼ k3crδkcr exp(δkcrt). (2.9)
Energy conservation implies that the same amount is subtracted from the kinetic
energy of the zero mode, which thus slows down. Because of this back reaction, the
instability band moves towards smaller k’s. The growth of the modes around kcr
stops when this goes out of the instability band.
The insight from thinking of Eq. (2.6) as a Mathieu equation ceases to be useful
at this point. Indeed, the move of the instability band towards lower modes makes
the friction on the zero mode progressively less efficient. In order to compute the
time necessary to entirely transfer the kinetic energy to the fluctuations, the simple
exponential behaviour of Eq. (2.8) is not sufficient. Instead, a rather good estimate
(up to order one factors) can be obtained by computing the time needed for the
mode kcr to go out of the instability band [5]. A more rigorous calculation involves
a WKB approximation and is performed in [5]. The time scale of relaxion particle
production in terms of the parameters of the relaxion potential is
∆tfrag ' 2fφ˙
3
0
3piΛ8b
log
32pi2f 4
φ˙20
(2.10)
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and the corresponding field excursion
∆φfrag ' fφ˙
4
0
2piΛ8b
log
32pi2f 4
φ˙20
(2.11)
where φ˙0 is the initial velocity of the relaxion, before fragmentation starts.
Equations 2.10 and 2.11 were derived neglecting Hubble friction and the slope
−gΛ3φ of the potential in Eq. (2.1). The effect of Hubble friction on the growth
of perturbation is double. The dominant effect is that the friction term 3Hu˙k in
Eq. (2.5) suppresses the growth of uk. Secondarily, the physical wave number k/a
corresponding to a given comoving mode k decreases as the scale factor a(t) grows.
While the zero mode φ decelerates, the instability band moves towards smaller physi-
cal modes too, thus cosmic expansion prolongs the time that each given mode spends
inside the instability band. As for the slope term −gΛ3φ, it enters in Eq. (2.5) instead
only through the evolution of the zero mode: if the slope is large, the field accelerates
and the instability band moves to the UV.1 As a result, both a large Hubble fric-
tion and a large slope suppress the growth of the relaxion fluctuation, thus making
fragmentation ineffective. The actual conditions under which these terms can be
neglected depend on the initial velocity of the zero mode. Here we will be interested
in two cases [5]:
1. During inflation, which corresponds to the case where the initial velocity is the
slow-roll velocity, φ˙0 = φ˙SR = gΛ3/(3H), fragmentation is effective for
Hφ˙3SR <
piΛ8b
2f
(
W0
(
32pi2f 4
eφ˙2SR
))−1
, (2.12)
where W0 is the 0-branch of the product logarithm function (also known as the
Lambert W function).
2. When φ˙0 < φ˙SR instead, which includes the case of negligible Hubble expansion,
fragmentation is active for
gΛ3 <
piΛ8b
2fφ˙20
(
W0
(
32pi2f 4
eφ˙20
))−1
. (2.13)
In summary, the results of [5] show that the evolution of the relaxion can be
stopped by the growth of its own perturbations, once certain conditions are satisfied.
1An interesting case is the one in which the acceleration due to the slope and the friction from
fragmentation exactly cancel each other, leading to a slow roll regime even in the presence of a
steep potential [5], similarly to what happens in axion inflation with a coupling to dark photons [9]
and in trapped inflation [10]. We leave this scenario for future study.
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In the following, we will use this result, and in particular Eqs. (2.10), (2.11), (2.12)
and (2.13) to determine the stopping point of the relaxion evolution. Depending
on the model, fragmentation can offer an alternative stopping mechanism for the
relaxion, thus offering new possibilities such as realizing the relaxion mechanism after
inflation. On the other hand, fragmentation is a serious concern in models in which
it is active at all times, which correspond to the scenarios where constant and sizable
wiggles are present during the scanning of the Higgs mass parameter [3, 4, 11]. This
feature makes these scenarios more constrained than the ones in which the barriers
only appear at the critical point where the EW symmetry is broken. These two
options will be analysed in Sec. 3 and 4, respectively.
A last comment should be spent on the validity of the perturbative expansion
that leads to Eqs. (2.4) and (2.5). The issue of perturbativity arises when δφ ∼ f ,
which is the case in the last phases of fragmentation. This is not a problem, though,
because we are only interested here in the time scale for stopping, and not on the
precise dynamics of the relaxion fluctuations. During their growth, the fluctuations
are, for most of the time, perturbative, and only at the end of the evolution they
become of order δφ ∼ f , without growing more than this (at least not as long as the
relaxion keeps rolling with φ˙ > Λ2b). Thus, we expect non-perturbative dynamics not
to change the picture dramatically, entering Eqs. (2.10) and (2.11) only as an O(1)
normalization factor. It would be valuable to check this statement with a proper
numerical simulation, which we postpone for future work.
2.1 Comparison of relaxion stopping mechanisms
In the rest of the paper, we will analyse the implications of relaxion fragmentation.
As we will extensively discuss and as summarised in Fig. 1, there are two key quan-
tities controlling the effective stopping mechanism. First is the time scale for the
relaxion to roll over a distance 2pif , denoted ∆t1, and second is the initial relaxion
velocity φ˙0. Depending on these two values, the relaxion may stop either because
of Hubble friction, of large barriers, or of particle production. There are two main
types of relaxion models, those with Higgs-dependent and Higgs-independent barriers
respectively. We will examine those two cases in Sections 3 and 4 respectively.
3 Consequences I: Relaxation with Higgs-dependent barriers
We consider the original relaxion model, which was first introduced in [1] and later
studied in a large literature. In the non-QCD model in [1], the relaxion potential
– 7 –
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5Figure 1. Sketch of relaxion stopping mechanisms. The initial velocity φ˙0 is either therelaxion velocity before the barriers appear in models with Higgs-dependent barriers, or
the velocity before particle production starts in models where relaxion stops due to particle
production (either relaxion particles or EW gauge bosons). ∆t1 is the time scale it takes
for the relaxion to roll over a distance 2pif , to be compared to the Hubble time H−1. The
final size of the barriers is Λb while the cutoff scale is Λ.
features Higgs-dependent barriers that scale as2
Λ4b
〈h〉2
v2EW
cos
φ
f
(3.1)
and the initial conditions are such that the EW symmetry is initially not broken. For
the stability of the potential (2.1), the spurions should satisfy g & g′/(4pi) since the
term ∼ g′Λ3φ is generated by closing the Higgs loop in the third term in Eq .(2.1).
The initial condition must be such that µ2h = (Λ2 − g′Λφ) ≈ Λ2, and we assume
φ˙0 > 0. Electroweak symmetry breaking happens for φ ≈ Λ/g′. After this point, the
Higgs VEV 〈h〉 grows up to its final value vEW.
Loop effects generate a Higgs-independent amplitude for the cosine, such that
there are small constant wiggles during the whole field excursion (see for details
App.A). In this paper we work in the regime in which the potential has local minima.
We postpone the study of fragmentation from wiggles that do not generate local
minima to future investigation.
2This notation does not coincide with the one of [1], where the barriers are denoted by Λ4 cosφ/f
with Λ ∝ 〈h〉n, nor with [2], which writes Λ4−nc 〈h〉n. The notation (3.1) makes it clear that the
barriers are proportional to 〈h〉2 and that Λb is the size of the barrier once the Higgs has reached
its stopping point. Λb is one of the parameters we are scanning over in our various contour plots.
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List of conditions
There are a number of conditions that we will need to assume for a successful relax-
ation mechanism. We start by listing the ones that do not depend on the embedding
of the mechanism in the cosmological history, which we will discuss later.
• Initial conditions and total field excursion: First of all, to avoid fine-
tuning in the initial conditions, the total field excursion of the relaxion must
be larger than Λ/g′, so that the Higgs mass can scan the range from the cut-off
down to the EW scale. For definiteness, we assume that initially φ = 0, so that
∆φ =
Λ
g′
. (3.2)
• Precision of the mass scanning: In order not to overshoot its measured
valuem2h, the scanning of the Higgs mass should happen with enough precision.
Thus we impose
g′Λ(2pif) <
m2h
2
. (3.3)
• Large barriers: After the Higgs has grown to vEW, the barriers should be
large enough to prevent the field from further rolling down, despite the slope
−gΛ3. Imposing that V ′ > 0 for some values of φ > Λ/g′ we get
Λ4b
f
≥ gΛ3 . (3.4)
• Symmetry breaking pattern: In the Lagrangian of Eq. (2.1), the scale f
should be thought as the scale of spontaneous breaking of a global symmetry,
whose Goldstone boson is the relaxion. The spurious g and g′ control the
explicit breaking of the residual shift symmetry, as well as the Higgs mass
parameter. For the consistency of this picture, we impose
f > Λ. (3.5)
• Microscopic origin of the barriers: The last term in Eq. (2.1) must orig-
inate from the interaction of some field charged under the Standard Model
gauge group and under the relaxion global symmetry. Explicit examples of
such a kind were proposed in [1] and [12]. A general feature of these construc-
tions is that the term Λ4b〈h2〉/v2EW cosφ/f is accompanied by the similar term
Λ4bh
2/v2EW cosφ/f by which the Higgs interacts with φ. Closing a Higgs loop, a
constant term is generated, which must be subdominant compared to the pre-
vious one. The actual size of this term is model dependent, and we will here
– 9 –
assume that the model discussed in Appendix A is realized. Thus we impose
Λb <
√
4pivEW . (3.6)
Notice that this condition will turn out to be important in determining the
upper bound on the cut-off of new physics, and thus weakening it will result
in a larger allowed parameter space. Nonetheless, in the simplest explicit UV
constructions, Eq. (3.6) has the correct numerical coefficient up to O(1) factors.
• Higgs field tracking the minimum of its potential: After EW symmetry
breaking, the evolution of the Higgs field should follow closely the minimum
of the potential, otherwise after the relaxion stops the Higgs would continue
growing. If we denote by v the minimum of the potential during the relaxion’s
evolution, we want 〈h〉 = v. This happens if the evolution of v is adiabatic, i.e.
if ∣∣∣∣ v˙v2
∣∣∣∣
v=vEW
< 1⇐⇒ g
′Λφ˙
2λv3EW
< 1 (3.7)
• Sub-Planckian decay constant: We assume that the relaxion U(1) symme-
try is broken below the Planck scale,
f < MPl. (3.8)
Since the relaxion is a pseudo-Nambu-Goldstone boson, the linear terms in φ
in the potential Eq.(2.1) should arise from the expansion of a second oscillatory
potential, besides the Λ4b cos (φ/f), with a much larger period, implying that
F  f . The effective decay constant F needs to be at least as large as the
relaxion field excursion, F > Λ/g′, which in turn can have trans-Planckian
field values. There are different frameworks to generate hierarchical decay
constants such as multi-axion alignment and mixing in the axion moduli space
(see e.g. [13, 14]). Therefore, the condition in Eq. (3.8) can be seen as a choice
of simplicity, to avoid additional model building which would be necessary
in order to embed a scenario with multiple effective super-Planckian decay
constants.
• No shift-symmetry restoration after reheating: After reheating, if the
temperature is larger than the confinement scale at which the barrier term in
the potential is generated, we expect that this term is erased by thermal fluc-
tuations, and the relaxion starts rolling again. To avoid this possibility, we
impose a lower bound on this scale assuming that this is not smaller than the
minimal reheating temperature required for a successful Big Bang nucleosyn-
thesis, ∼ 10 MeV. We expect the scale Λb to be related to the confinement
– 10 –
scale by some small couplings. Thus, we impose
Λb > 1 MeV . (3.9)
We should anyway note three points. First, the correct bound of Eq. (3.9)
is model dependent, and can be easily made weaker assuming small Yukawa
couplings. Second, as we will see in the following, Eq. (3.9) does not lead to
important constraints on the parameter space, so that determining the actual
limit has no relevant consequences on our study. Third, if this condition is
violated and the shift symmetry is restored after reheating, a very interesting
scenario opens up, in which the relaxion starts rolling again and is stopped
a second time when the Universe cools down and the barriers appear again.
We will not discuss this scenario here for simplicity, but we refer the reader
to Refs. [15–17] in which this scenario is analysed and many consequences are
discussed.
Parameter space
The mechanism can be described in terms of 7 free quantities:
g, g′,Λ,Λb, f,H, φ˙0 . (3.10)
In addition, we define the quantity m˜φ:
m˜φ ≡ Λ
2
b
f
, (3.11)
which is related to the relaxion mass in a way that depends on the actual realization
of the mechanism, as we will detail in the next section. To simplify the problem, we
will assume a fixed ratio g/g′, which we will take equal 1 unless otherwise specified.
Moreover, we will relate f and φ˙0 to the other parameters using the fact that the final
Higgs VEV should match the observed value, and choosing a sensible value for the
field velocity. Thus, the parameter space has dimension 4, and can be characterized
by g′, Λ, Λb and one among H or f . To constrain the parameter space we adopt the
following logic. We will combine all the constraints in order to eliminate the variables
Λb, H or f , and derive all the equations that constrain the variables g′, Λ only. In
other words, this is equivalent to projecting the 4 dimensional hypersurface to the g′,
Λ plane. Then, we will present contours in this plane for the other free quantities,
as well as the constraints on the other variables for a few selected benchmarks.
3.1 Relaxation during inflation
We first consider the case in which relaxation happens during inflation. This is the
scenario proposed in [1], and the most studied in the literature (see Fig. 34 in App. F
– 11 –
for a sketch of the energy density of the universe during relaxation). We define the
slow-roll velocity
φ˙SR ≡ gΛ
3
3H
, (3.12)
During inflation, the relaxion slow-rolls thanks to the large inflationary Hubble fric-
tion, which is dominated by some sector other than the relaxion. We thus assume
H >
Λ2√
3MPl
. (3.13)
Moreover, the symmetry breaking pattern that leads to the Lagrangian Eq. (2.1)
requires
H < f, (3.14)
and
H < Λ . (3.15)
Finally, the evolution should be dominated by the classical rolling of the relaxion
field and not by the quantum fluctuations:
φ˙SR
H
>
H
2pi
. (3.16)
After EW symmetry breaking, wiggles turn on in the relaxion potential and the
relaxion stops as soon as the relaxion’s kinetic energy is smaller than the potential
barriers. Under the slow-roll assumption, one neglects the first term φ¨ in Eq. (2.4),
and therefore, if the effect of quantum fluctuations is small, the relaxion stops as soon
as V ′ = 0, which requires sufficiently large barriers after EW symmetry breaking.
This is the stopping condition used in [1]. There is an underlying assumption behind
this reasoning, which is that the time scale to roll over one wiggle is much larger than
a Hubble time. As we discuss here, there are actually more stopping possibilities.
Depending on the strength of Hubble friction and on the velocity of the relaxion
field, the relaxion can stop at three different times corresponding to three different
stopping conditions and three separate regions in parameter space, whose projection
in the (Λ, g′) plane is shown in Fig. 2. For each benchmark point a, b, c, d, the
constraints in the (Λb, HI), (Λb, f) and (m˜φ, f) planes are shown in Fig. 4. We define
these regions below:
1. Hubble friction (GKR): If Hubble friction is strong, and in particular if it takes
longer than about a Hubble time for the relaxion to roll a distance between two
consecutive maxima of the potential, i.e ∆t1  H−1, where ∆t1 is the time to
cross one wiggle, then the slow-roll approximation is always valid. However,
the velocity is not well approximated by the average slow-roll velocity defined
– 12 –
in (3.12) but by the instantaneous slow-roll velocity
−V ′/(3H).
Physically, this happens because Hubble friction has enough time to modify the
field velocity as the slope of the potential varies. In this case, an arbitrarily-
small barrier is sufficient to stop the relaxion (except for quantum fluctuations),
in other words, the field stops as soon as V ′ = 0, i.e. for gΛ3 ≈ Λ4b/f (see
Appendix B for more details).We label this case as Hubble friction or GKR as
this is the case discussed in [1]. It is characterized by
∆t1 =
2pif
φ˙SR
>
1
H
, (3.17)
f =
Λ4b
gΛ3
. (3.18)
The parameter space consistent with this scenario appears in green in Figs. 2,
3 and 4. The precise origin of the limits of each region is depicted in Figs. 13
and 14 in App. E. In the following, we will only be interested in the constraints
that arise from a successful implementation of the relaxion mechanism itself.
Additional constraints may be derived from colliders and other particle physics
experiments, as well as cosmology and astrophysics. We refer the reader to
Refs. [12, 18–21] for an overview of these constraints.
As noted in Ref. [1], quantum effects should be taken into account to define the
stopping point of the relaxion. We can distinguish two regimes. Firstly, before
the classical stopping point, the slope is small and the condition in Eq. 3.16
breaks down. Quantum fluctuations with a typical size H/(2pi) dominate at
this point over the classical rolling of the zero mode. Secondly, after the clas-
sical stopping point, the potential has classically stable minima, which can be
overcome by quantum tunnelling. This process is only stopped when the bar-
riers grow large enough to make the lifetime of the relaxion’s minima larger
that the age of the Universe. These two regimes are studied, respectively, in
Appendices C and D. We find that the region in which the classical descrip-
tion is not applicable is very small, thus the classical estimate of the stopping
condition is reliable.
2. Large barriers: If, on the other hand, friction is weak, i.e. for ∆t1 < H−1, on
a time ∆t1, energy is approximately conserved, and the field no longer tracks
the slow-roll velocity. It stops when the size of the wiggles Λ2b is larger than
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the average velocity φ˙SR = gΛ3/(3H), see Appendix B. In this case we impose
∆t1 =
2pif
φ˙SR
<
1
H
, (3.19)
Λ4b =
1
2
φ˙2SR . (3.20)
The corresponding region in the (Λ, g′) plane is in red in Fig. 2 and constraints
on this case are shown in Figs. 15 and 16 in App. E.
3. Relaxion fragmentation: The last case is the one in which we are most interested
here. If the velocity is large such that
∆t1 < H
−1 (3.21)
φ˙2SR
2
> Λ4b , (3.22)
the relaxion evolution can still be stopped by transferring its kinetic energy
into the fluctuations. For φ˙0 = φ˙SR, fragmentation is efficient when Eq. (2.12)
is satisfied. The field range needed to slow down the relaxion evolution is given
by Eq. (2.11). This must correspond to a final value of the Higgs VEV equal to
vEW. Thus we can use Eq. (2.11) to relate the scale f to the other parameters
{Λ, g,Λb, φ˙0}:
∆v2 =
1
λ
g′Λ ∆φfrag =⇒ f = 2piλΛ
8
b v
2
EW
g′Λ φ˙40
(
log
(
32pi2f 4
φ˙20
))−1
. (3.23)
In the following, we will drop the logarithmic dependence and approximate
log (32pi2f 4/φ˙20) ≈ 50. The allowed parameter space for this case is shown blue
in the (Λ, g′) plane in Fig. 2 and in other planes are shown in Figs. 17-24 in
App. E.
Note that the relaxion mass can significantly differ from the value naively ob-
tained when only considering the potential barrier, given by m˜φ defined in Eq. (3.11).
This is clear if we examine the ‘Hubble friction’ stopping mechanism described previ-
ously, as in this scenario V ′′ ≈ Λ4/f 2√1− (gΛ3f/Λ4b)2 with√1− (gΛ3f/Λ4b)2  1.3
On the other hand, for the other stopping mechanisms with large barrier’s height, the
mass is only slightly different from m˜φ, such that this is not a relevant modification
for our discussion. In the following, we simply consider the quantity m˜φ having in
mind that Eq. (3.11) is a good approximation of the relaxion mass for the ‘Large
barriers’ and ‘Relaxion Fragmentation’ stopping mechanisms.
3We thank Hyungjin Kim for pointing this out.
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Figure 2. Parameter space projected in the Λ, g′ plane of the relaxion mechanism taking
place with Higgs-dependent barriers, during inflation, where the relaxion is a subdominant
component of the energy density of the universe (non-QCD case of [1]), as described in
Section 3.1. Shown are three distinct stopping mechanisms. ‘Hubble friction’ corresponds
to the mechanism discussed in [1]. Each of these regions is associated with distinct values
of the inflationary scale and the relaxion mass, as illustrated in Fig. 4. In other words, none
of these regions overlap in the full parameter space. Benchmark point a can be reached by
all three stopping mechanisms. Benchmark point b cannot be reached by fragmentation.
Benchmark points c and d can only occur through ‘Hubble friction’. In the region below
the line ∆φ = Λ/g′ = MPl, the field excursion is super-Planckian.
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Figure 3. Minimal number of efolds in the scenario where relaxation takes place during
an inflation era for the three stopping mechanisms discussed in Sec. 3.1. Same color code
as in Fig. 2. Below the solid line the field excursion Λ/g′ is super-Planckian.
In Fig. 3 and in first plot of Fig. 4, we see that stopping relaxation with frag-
mentation during inflation requires a much smaller number of efolds Ne than in the
original proposal as well as a much smaller inflation scale. This means that relax-
ation could therefore happen during a second short (i.e. Ne ∼ O(10)) late stage
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of inflation in our cosmological history, that is not necessarily responsible for the
cosmological perturbations, but induced by some late supercooled phase transition
for instance. This brings a new theoretical framework for relaxation that is free from
usual inflation constraints and the associated model building. It is thus possible to
solve the little hierarchy problem up to a cutoff scale O(20) TeV, from a minimal
relaxion model, during a short innocuous phase of inflation, as generic in strongly
first-order confining phase transitions [22]. The Ne contours in the full relevant pa-
rameter space in the case where the relaxion stops because of axion fragmentation
are shown in Fig. 24.
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Figure 4. Parameter space of the relaxion mechanism taking place with Higgs-dependent
barriers, during inflation, where the relaxion is a subdominant component of the energy
density of the universe (non-QCD case of [1]), as described in Section 3.1. Same color
code as in Fig. 2. For each benchmark point of Fig. 2 associated with the three stopping
mechanisms defined in Section 3.1, we show the corresponding distinct regions in the (Λb,
HI or Ne), (Λb, f), and (m˜φ, f) planes.
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3.2 Relaxation without inflation: self-stopping relaxion
Depending on its efficiency, the growth of fluctuations can stop the evolution of
the relaxion even if its initial velocity is very large. This opens up an interesting
possibility: the relaxion can be stopped even without assuming slow-roll, and in fact
without an inflationary background at all. This has important consequences, as the
large number of e-folds required for relaxation during inflation is one of the main
criticisms raised against this mechanism.
In this subsection, we will discuss how to realize the relaxion mechanism after
or before inflation. The relaxion may or may not dominate the energy density of
the Universe. The Hubble rate H can be eliminated from the equations, the only
condition is
H ≥ Λ
2
√
3MPl
(3.24)
All our results presented in Fig. 5 and Figs. 25, 26, and 27 in App. E, do not depend on
whether the relaxion dominates or not the energy density of the universe at the time
of relaxation. However, as we will discuss in subsection 3.2.1, the relic abundance
of the relaxion crucially depends on this assumption. Moreover, we assume that the
relaxion does not slow-roll. In this case, it is reasonable to expect that the velocity is
of order of the cut-off of the theory. Indeed, if the field is free to roll down a potential
with slope −gΛ3φ for a field range ∆φ = Λ/g′, starting from rest its final velocity
will be
φ˙0 =
√
2 g
g′
Λ2. (3.25)
Such an estimate is reliable as long as this value is smaller than the slow roll velocity,
otherwise the field would be slowed down by Hubble friction. Therefore, we also
impose that
φ˙0 < φ˙SR =
gΛ3
3H
. (3.26)
As we discussed in Sec. 2, in the case φ˙0 < φ˙SR, Hubble friction can be neglected and
fragmentation is effective if Eq. (2.13) is satisfied. In this case, the relaxion stops its
evolution after a field range ∆φfrag, given in Eq. (2.11). This must correspond to a
final value of the Higgs VEV equal to vEW. Therefore, as in the previous section, we
can use Eq. (2.11) to relate the scale f to the other parameters {Λ, g,Λb, φ˙0}:
∆v2 =
1
λ
g′Λ ∆φfrag ⇒ f = 2piλΛ
8
b v
2
EW
g′Λ φ˙40
(
log
(
32pi2f 4
φ˙20
))−1
. (3.27)
In the following, we will approximate log (32pi2f 4/φ˙20) ≈ 50 and drop the logarithmic
dependence. The difference compared to Sec. 3.1 is that here φ˙0 is not the slow-
roll velocity. The parameter space consistent with this scenario for three different
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velocities is presented in Fig. 5. For each of these cases we consider one benchmark:
Benchmark e : Λ = 8 TeV, g′ = 2× 10−14,
Benchmark f : Λ = 15 TeV, g′ = 10−12,
Benchmark g : Λ = 60 TeV, g′ = 3× 10−15.
(3.28)
In the appendix E we explore in detail the parameter space for the benchmarks in
(3.28). In Fig. 25 we specify the constraints on the plane g′,Λ and in Fig. 26 we show
the contours for the minimal allowed value of the scale Λb and maximal value of the
decay constant f . The maximal Λb and minimum f saturate to the extreme allowed
values for all the three different velocities, such that Λb,max =
√
4pi vEW (Eq. (3.6))
and fmin = Λ (Eq. (3.5)). The allowed ranges of m˜φ in Eq. (3.11) for the benchmarks
above are:
Benchmark e : m˜φ ∈ [139, 169 GeV]
Benchmark f : m˜φ ∈ [14, 37 GeV]
Benchmark g : m˜φ ∈ [3, 9 GeV] (3.29)
The contours of m˜φ for the allowed range of f and Λb are shown in Fig. 27 in App. (E).
The summary is that the relaxion can stop itself without the need for inflation.
We find that for natural values of the initial velocity φ˙0 ∼ O(Λ2), this can be achieved
for a cutoff of O(10) TeV. The fragmentation stopping mechanism can in principle
be effective also for much higher cutoff, O(100) TeV, however, this would require
tuning the initial velocity. In the corresponding parameter space, the relaxion mass
is rather large, from a few GeV up to the EW scale. For the largest cutoff, the value
of f is ∼ 10− 100 TeV.
3.2.1 Cosmological History and relaxion abundance
In this subsection we discuss the cosmological consequences in the scenarios in which
relaxation is realized without inflation, which can happen before or after an infla-
tionary period, see also Appendix F. In the case the relaxation dynamics happens
before inflation, the imprints from this period are diluted away due to the expansion.
This implies that the details about how the equation of state of the universe evolves
during relaxation are not important for the dynamics after inflation. In the scenario
in which the scanning of the Higgs mass parameter is realized after inflation, we have
to investigate the relaxion relic abundance. The scanning ends when most of the re-
laxion’s kinetic energy is transferred to relaxion fluctuations through fragmentation,
which then red-shifts as radiation. Assuming that the dominant contribution to the
energy density in the fluctuations comes from the mode with kcr ∼ φ˙0/f (see Sec. 2),
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Figure 5. Parameter space in the plane g′,Λ for the scenarios in which relaxation happens
without inflation.
we can estimate the relaxion number density just after particle production as
nφ ∼ φ˙20
(
φ˙0
f
)−1
, (3.30)
where we used that the energy density of the relaxion field is ∼ φ˙20 and that the
typical energy carried by a particle is O(kcr). Therefore, using mφ ≈ m˜φ = Λ2b/f ,
the relaxion energy density in the fluctuations is
ρφ,0 ∼ gs0T
3
0
gs∗T 3∗
Λ2b φ˙0 , (3.31)
Here T0 = 2.7 K is the current CMB temperature and gs0 = 43/11 is the effective de-
grees of freedom which contribute to entropy density. T∗ and gs∗ are the temperature
and the effective degrees of freedom of the thermal plasma after the relaxation. Note
that once the energy density has red-shifted enough, relaxion coherent oscillations
will contribute to the total energy density as matter, with ρoscφ ∼ (Λ4b/f 2)f 2. We will
neglect this contribution since ρoscφ is very suppressed compared (3.31). Therefore,
by assuming φ˙0 ∼ Λ2, one can estimate the relaxion abundance as
Ωφh
2 ∼ 6× 104
(
Λb
10 GeV
)2(
Λ
10 TeV
)2 ( gs∗
100
)−1( T∗
10 TeV
)−3
. (3.32)
The result in Eq. (3.32) shows that, if the relaxion dominates the energy density of
the universe at the time of relaxation and in the absence of a dilution mechanism, the
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relaxion is overabundant in the allowed parameter space. Under these assumptions,
in the scenarios where the Higgs mass scanning happens after inflation, the relaxion
has to be unstable to avoid overclosing the universe. The relaxion can decay to the
Standard Model particles via its mixing with the Higgs, which from Eq.(2.1) is given
by
θφ,h ∼ g
′vEWΛ√
4g′2v2EWΛ2 + (m
2
h −m2φ)2
. (3.33)
Such mixing angle θφ,h is very small in the our parameter space, making the relaxion
too long-lived to be consistent with Big Bang Nucleosynthesis (BBN) bounds. In or-
der to make the relaxion decays before BBN, we added an effective coupling between
the relaxion and the Standard Model photon
L ⊃ φ
4fγ
FF˜ , (3.34)
which then turns out to be the dominant decay channel of φ into Standard Model
particles. This sets an upper bound on fγ, allowing relaxion lifetime to be shorter
than τφ < 1 sec for
fγ < 10
12
( mφ
1 GeV
)3/2
GeV. (3.35)
Since the relaxion mass is typically larger than O(1) GeV (see Eq. (3.29)), our sce-
nario evades astrophysical and experimental constraints, see e.g. [23–25].
Once the relaxion rolls down its potential, photons can be produced via the cou-
pling in Eq. (3.34) due to a tachyonic instability in the equation of motion of the
photon Aµ (see e.g. [9]). These photons produce a thermal bath which modifies the
dispersion relation of the Aµ vector, making particle production less efficient. Tak-
ing this effect into account, the timescale for photon production is estimated to be
∆tγ ∼ T 2f 3γ/(φ˙3) [26]. For simplicity, we want to assure that the production of pho-
tons during the relaxation dynamics does not interfere in our stopping mechanism.
To this end, the timescale for photon production should be longer than a Hubble
time
∆tγ > H
−1, (3.36)
which is equivalent to require that particle creation is slow compared to the dilution
given by cosmic expansion. From Eq. (3.36) we can derive a lower bound on the scale
fγ using the fact that relaxion does not slow roll (Eq. (3.26)) and that φ˙ ∼ Λ2, im-
plying fγ & Λ/g1/3. In the cases in Fig. 37 in App. F, φ dominates the energy density
such that H ∼ Λ2/(√3MPl). Therefore, the condition (3.36) simply translates to
fγ & (Λ2MPl)1/3.
One should notice that the coupling in (3.34) introduces another portal between
the relaxion sector and the SM besides the Higgs mixing. If the temperature of the
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thermal plasma, at the end of relaxation, is larger than the confinement scale of the
non-abelian gauge group that gives rise to the cosine potential, then the barriers
can disappear allowing the relaxion to roll down once again. This additional φ
displacement may ruin the mechanism as the field can move away from the correct
value of the EW scale. On the other hand, such situation can be avoided if the sector
that generates the period potential does not enter in equilibrium with the Standard
Model bath. To this end, we can impose that the interaction rate of the strong
sector with the photons Γ ∼ T 5/(f 2f 2γ ) is small compared to the Hubble expansion,
resulting in another condition the scale fγ should fulfill, fγ & (Λ3MPl)1/2/f .
We stress again that all the above discussion is relevant if H = Λ2/
√
3MPl when
relaxation starts. If on the other hand the hidden sector radiation dominates the
energy density of the universe during relaxation, the relaxion abundance can be
accordingly diluted and subdominant.
3.3 Relaxion inflating the Universe
As a last possibility, we consider the one in which the relaxion dominates the energy
density (as most of the cases above) but, instead of Eq. (3.25), we assume that the
relaxion slow rolls, thus driving a period of inflation
φ˙0 = φ˙SR =
gΛ3
3H
, with H =
Λ2√
3MPl
. (3.37)
Note that to be consistent with the effective field approach, φ˙SR has to satisfy
1
2
φ˙2SR < Λ
4. (3.38)
In Fig. 39 in App. F we illustrate an example of such a case and the parameter
space consistent with this scenario in the g′,Λ plane is depicted in Fig. 6, where we
assume g = g′. The benchmark point corresponds to
Benchmark h : Λ = 100 TeV, g′ = 3× 10−16. (3.39)
The allowed m˜φ range for such benchmark is given by
Benchmark h : m˜φ ∈ [0.2, 3 GeV]. (3.40)
We refer to Appendix E.3 for more details about the parameter space.
Comparing the parameter space in Fig. 6 with the case without inflation in
Fig. 5, we see that this case allows for a larger cutoff, while constraining much more
the range of the coupling g′. This scenario has similarities with the third case relaxion
fragmentation discussed in section 3.1.
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Figure 6. Allowed parameter space for self-stopping relaxion in the case where the
relaxion dominates the energy density of the universe and slow-rolls during relaxation.
A scenario in which the relaxion is the inflaton was discussed in Ref. [27]. At
least two non-trivial additions were required. First, in [27], a Chern-Simons coupling
between the relaxion and a dark photon is included. The dark photons carry very
low momentum at the end of inflation such that the particles cannot be thermalized
through perturbative scatterings. On the other hand, such low momentum photons
have large occupation number generating a strong electromagnetic field, which then
allows for the vacuum production of electron-positron pairs via the Schwinger effect.
In order to reheat the universe at temperatures above the electron mass using the
mechanism in [27], it is crucial to couple the relaxion to a dark photon, which in turn
has a kinetic mixing with the Standard Model photon. Second, the curvature pertur-
bations in the simplest model are suppressed. Therefore, the relaxion only addresses
the horizon and flatness problems but not the origin of cosmological perturbations
and the addition of a curvaton field is necessary. In our case, we simply assume that
the relaxion-driven inflation precedes the inflationary period that ends with the Big
Bang Nucleosynthesis and originates the cosmic microwave background curvature
perturbations. As shown in Fig. 28 the corresponding number of efolds varies from
O(1) to O(105) depending on the cutoff scale Λ and coupling g′. Alternatively, if the
number of efolds is smaller than O(10), the period of relaxion-driven inflation can
take place after reheating.
4 Consequences II: relaxation with vector boson production
We now examine another class of relaxion models which has triggered interest. The
stopping mechanism is qualitatively different as the potential barriers are Higgs-
independent and relaxation starts in the EW broken phase. The idea of using the
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tachyonic production of Standard Model gauge boson as a source of friction to slow
down and stop the relaxion evolution was introduced in [3], and further studied in
various aspects in [4, 11, 24, 28]. Here we will only summarize the model and its
constraints, referring the reader to [3, 4] for further details. As we will see, relaxion
fragmentation poses a serious threat to this scenario: Instead of being active only
close to the critical point, thus helping the stopping of the relaxion, the growth of
perturbations happens at all times, and can stop the evolution at a position such that
the EW scale is closer to the cut-off of the theory. In order to avoid this possibility we
will impose that the fragmentation does not take place. This requirement excludes
the setup in which the relaxation happens after inflation, which was studied in details
in [4]. On the contrary, relaxation during inflation is still allowed, and the relaxion
dark matter model of [11] is not affected.
The model can be characterized by the following Lagrangian:
L = LSM + 1
2
∂µφ∂
µφ− φ
4F
(
g22W
a
µνW˜
aµν − g21BµνB˜µν
)
− V (φ, h) (4.1)
with
V (φ, h) = Λ4 − gΛ3φ+ 1
2
(−Λ2 + g′Λφ)h2 + λ
4
h4 + Λ4b cos
(
φ
f
)
, (4.2)
where g1 and g2 are the U(1) and SU(2) coupling constants, respectively. The
coupling to gauge bosons above forbids the coupling of the relaxion to the pho-
ton’s FµνF˜ µν term at tree level. The initial conditions are such that, initially,
(−Λ2 + g′Λφ) < 0, thus the Higgs has a large VEV of order Λ. The barriers are
now independent on the Higgs VEV.
In the EW broken phase, the relevant part of Eq. (4.1) can be rewritten in terms
of the mass eigenstates Aµ, Zµ,W±µ
L ⊃m2W (h)W−µ W+µ +
1
2
m2Z(h)ZµZ
µ
− φF 
µνρσ
(
2g22∂µW
−
ν ∂ρW
+
σ + (g
2
2 − g21)∂µZν∂ρZσ − 2g1g2∂µZν∂ρAσ
)
, (4.3)
where the masses of the gauge bosons aremW (h) = g2h/2 andmZ(h) =
√
g22 + g
2
1h/2.
We will neglect the contribution of the WW and of the ZA terms, and concentrate
on the Z dependent one. The coupling to photons φFµνF˜ µν is generated through the
small mixing with the Higgs, controlled by the small parameter g′, and also from a
W loop through the interaction in Eq. (4.3) [23, 24]. We will discuss below how this
coupling is harmful for the model, and what are the conditions to make it ineffective.
Absorbing the gauge couplings in the definition of the scale F ,
1
F
=
(g22 − g21)
F , (4.4)
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the equations of motion for the relaxion zero mode and the transverse modes of the
Z field are:
φ¨− gΛ3 + g′Λh2 + Λ
4
b
f
sin
φ
f
+
1
4F
〈ZZ˜〉 = 0 , (4.5)
Z¨± + (k2 +m2Z ∓ k
φ˙
F
)Z± = 0 . (4.6)
When the Higgs VEV (and consequently the mass of the gauge bosons) decreases,
Eq. (4.6) exhibits a tachyonic instability for the Z+ polarization (assuming φ˙ > 0),
which starts as soon as mZ < φ˙/(2F ). After this point (which we call tc), the kinetic
energy of the relaxion’s zero mode is converted into the helical Z field in a timescale
∼ m−1Z . The parameters of the model must be chosen in such a way that, at tc, the
relaxion field is as close as possible to the critical value Λ/g′, thus generating the
hierarchy between the cutoff Λ and the EW scale.
After particle production starts, the Higgs field potential is altered in the pres-
ence of the thermal bath of vector bosons, and EW symmetry is temporarily restored,
making the tachyonic growth even faster. On the other hand, the presence of the
thermal bath modifies the dispersion relation of the Z boson, making the process
less efficient. Once this effect is included, the timescale for particle production can
be estimated as
∆tpp ∼ 9pig
2
EW
16
T 2F 3
φ˙3
, (4.7)
where g2EW ≈ 0.2 and T is the temperature of the plasma. The temperature of the
plasma can be estimated by using energy conservation. Assuming all the kinetic
energy of the relaxion is transferred to the thermal plasma, we have
pi2
30
g∗T 4 =
φ˙20
2
. (4.8)
A very important caveat to the above discussion comes from the coupling to pho-
tons (φ/Fγ)FµνF˜ µν . This coupling must be suppressed for this mechanism to work,
for at least three reasons. First, if photon production is efficient, the corresponding
friction term is always active and could slow down the relaxion evolution irrespec-
tively of the value of the Higgs VEV. Second, if these photons thermalize they could
deconfine the strong sector which generates the potential barriers. Finally, thermal
corrections to the Higgs potential will make the relaxion scanning the Higgs thermal
mass instead of the vacuum mass parameter µ2h. Neglecting the contribution sup-
pressed by the mixing with the Higgs, such a coupling arises at one and two loops
from the Lagrangian in Eq. (4.3), accompanied by a coupling to the Standard Model
fermions [23, 24]:
∂µφ
Fψ
(ψ¯γµγ5ψ) and
φ
4Fγ
FµνF˜
µν (4.9)
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where
1
Fψ
=
3α2em
4F
[
Y 2ψL + Y
2
ψR
cos4 θW
− 3
4 sin4 θW
]
log
Λ2
m2W
, (4.10)
and
1
Fγ
=
2αem
pi sin2 θWF
B2 (xW ) +
∑
ψ
Nψc Q
2
ψ
2pi2Fψ
B1 (xψ) , (4.11)
where Nψc and Qψ are respectively the color multiplicity and the electric charge of
the fermion ψ with mass mψ, and the xi is defined as xi ≡ 4m2i /mφ. The functions
B1,2 are written as follows:
B1(x) = 1− x[b(x)]2
B2(x) = 1− (x− 1)[b(x)]2
b(x) =
{
arcsin 1√
x
x ≥ 1
pi
2
+ i
2
log 1+
√
1−x
1−√1−x x < 1.
(4.12)
These functions tend to B1(xψ) → −m2φ/(12m2ψ) and B2(xW ) → m2φ/(6m2W ) for
m2φ → 0. These contributions to the effective coupling to photons are suppressed by
the spurion m2φ and are absent in the massless limit.
Following the same logic as in Sec. 3, we list here the conditions that the model
should satisfy to guarantee a successful relaxation of the EW scale. Additional
conditions will be introduced below, when discussing the realization of this model
during or after inflation.
• Prediction for the EW scale: As we discussed above, dissipation starts
when
mZ ≈ φ˙0
2F
. (4.13)
Imposing thatmZ matches the measured value of 91 GeV, we will use Eq. (4.13)
to relate the scale F to the other parameters of the model.
• Size of the barriers: During its rolling phase, the relaxion must be able to
jump over the barriers, thus φ˙2/2 > Λ4b . On the other hand, for the validity of
the EFT we will always assume φ˙2/2 < Λ4, and therefore
Λb < Λ . (4.14)
• Overcome the wiggles: The field must be able to overcome many wiggles
before stopping, thus
1
2
φ˙20 > Λ
4
b (4.15)
∆t1 =
2pif
φ˙0
<
1
H
. (4.16)
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• Efficient energy dissipation: The energy lost by the relaxion due to particle
production must be larger than the one gained by rolling down the potential
slope,
∆Krolling < ∆Kpp. (4.17)
Using ∆Kpp ∼ φ˙2/2 and ∆Krolling ∼ dKdt ∆tpp, with dK/dt = −dV/dt ∼ gΛ3φ˙,
we get
gΛ3φ˙stop∆tpp <
1
2
φ˙2stop . (4.18)
To obtain the most stringent bound, we evaluate this condition for φ˙2/2 =
φ˙2stop/2 ∼ Λ4b , the maximum velocity the relaxion can have after it has been
trapped.
• Small variation of the Higgs mass: The particle production phase must
be fast enough, so that the variation of the Higgs mass during this time is less
than a fraction of the EW scale:
∆mh ∼ ∆m
2
h
mh
∼ 1
mh
g′Λ φ˙∆tpp < mh , (4.19)
which, again, we evaluate at φ˙ = φ˙stop ∼ Λ2b to derive the most stringent bound.
• Shift symmetry not restored: After the relaxion has been trapped, the
temperature may be larger than the condensation scale of the cosine potential.
To avoid this scenario, we impose that
T < Λb . (4.20)
This condition applies when the sector generating the barriers is in equilibrium
with the Standard Model. Assuming that the former interacts with the relaxion
through a term φG′G˜′/f , we naively estimate the rate for gg ↔ ZZ interactions
as Γ ∼ T 5/(F 2f 2), which must be larger than the Hubble rate H. Thus, we
impose
T < max
{
Λb, (HF
2f 2)1/5
}
. (4.21)
As already noted above, this constraint can be avoided in a scenario in which,
after reheating, the barriers disappear and the relaxion rolls for a short amount
of time, not overshooting the value of the Higgs VEV (see Refs. [15–17].)
• Particle production faster than Hubble expansion: Our analysis was
conducted in Minkowski space. A large Hubble rate would suppress the pro-
duction of gauge boson. Thus we impose that
∆tpp < H
−1 . (4.22)
– 27 –
• Suppressed coupling to photons: Contrarily to the production of massive
bosons, we assume that the photons are efficiently diluted away, i.e.
∆tγ > H
−1, (4.23)
where ∆tγ ∼ T 2F 3γ /φ˙3.
• Hierarchy of the effective scales: For the validity of the EFT we assume
that the scale F , which controls the coupling of the relaxion to the SM fields,
is larger than the cut-off scale:
F > Λ, (4.24)
where F is given in Eq. (4.4).
• Finally, we list here some conditions that are identical to those imposed in
Sec. 3, referring the reader to it for their discussion: 4∣∣∣∣ µ˙hµ2h
∣∣∣∣
v=vEW
< 1⇐⇒ g
′Λφ˙
2λ3/2v3EW
< 1 Higgs tracking the minimum (4.25)
gΛ3 <
Λ4b
f
Large barriers (4.26)
g′Λ(2pif) <
m2h
2
Precision of the mass scanning (4.27)
f > Λ Consistency of the EFT (4.28)
f < MPl Sub-Planckian decay constant (4.29)
∆φ =
Λ
g′
Field range (4.30)
To constrain the parameter space, we will apply the same reasoning as in Sec. 3.
The free parameters are {Λ, g, g′,Λb, f, F, φ˙,H}. Unless otherwise specified, we as-
sume g = g′, and we use Eq. (4.13) to fix the scale f in terms of the other parameters
of the model.
4.1 Relaxation after inflation
Let us first consider the possibility of relaxation after inflation with the tachyonic
production of Standard Model gauge bosons, which was discussed in [3] and, in
greater details, in [4]. In addition to Eqs. (4.13)-(4.30), we assume that the relaxion
dominates the energy density
H =
Λ2√
3MPl
. (4.31)
4In order to avoid fine-tuning of the initial conditions, the relaxion field excursion has to be
larger than Λ/g′. Similarly to Sec. 3, here we assume for definiteness that initially φ = 0, then the
total field range is given as in Eq. (4.30).
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Moreover, we assume that the relaxion does not drive a secondary period of inflation,
in which the curvature perturbations generated during inflation would be erased.
Thus we impose [4]
g′ > 0.18
Λ
MPl
, (4.32)
where the numerical factor comes from requiring that, if a short period of relaxion-
driven inflation takes place, this does not exceed 20 efolds. A similar bound can
be obtained by imposing that the velocity Λ2 is smaller than the slow-roll velocity
gΛ3/(3H), with H as in Eq. (4.31). Under this condition, it is safe to neglect Hubble
in the equation of motion for the relaxion field and its fluctuations.
Due to the constant barriers Λ4b cosφ/f , relaxion fragmentation is always active
in this construction, and it can slow down the field evolution at a position which
is not related to the Higgs VEV. To avoid this scenario, we assume that either the
effect of fragmentation is subdominant compared to the acceleration due to the large
slope, or that, if present, the fragmentation time-scale is longer than the time needed
to complete a full field excursion Λ/g′:
gΛ3 > (gΛ3)max ≡ piΛ
8
b
2fφ˙20
(
W0
(
32pi2f 4
e φ˙20
))−1
(4.33)
or
gΛ3 < (gΛ3)max and ∆φ < ∆φfrag =
fφ˙40
2piΛ8b
log
(
32pi2f 4
φ˙20
)
, (4.34)
where the upper bound for the slope gΛ3 is given in Eq. (2.13) and the excursion
∆φfrac is written in Eq. (2.11). Once Hubble friction is neglected, the velocity of the
relaxion after it travels a field range starting from rest is ∆φ = Λ/g′ is φ˙ =
√
2g′/gΛ2.
Assuming g = g′, the first and second inequalities in 4.34 become incompatible, i.e.
if fragmentation takes place then it always happens within a short time. Thus we
apply Eq. (4.33), and combine it with Eqs. (4.13)-(4.30) to obtain bounds in the
plane Λ, g′.
Fig. 7 and 8 show the relaxion parameter space including the new exclusion due
to relaxion fragmentation in red. The choice of benchmarks for Fig. 8 is the same as
in Ref. [4]. In Fig. 8 we also show the upper bound on f derived in [4]. The purple
and green lines are derived from Red Giants and SN 1987 A; the blue line excludes
the region in which the relaxion (which is always overabundant in this model) is
cosmologically stable and overcloses the universe, and the orange line excludes the
case in which relaxion decays during or after Big-Bang nucleosynthesis, distorting
the abundance of light elements. As it can be seen in Fig. 8, these constraints are
very severe and thus exclude all these benchmarks. Despite the impression that there
is some space open in the plane (Λ, g′) in Fig. 7, it seems this scenario is essentially
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Figure 7. Case of relaxation AFTER inflation with EW gauge boson production as
described in Section 4.1. White region is the allowed region that was derived in Ref. [11]
without including the effect of relaxion fragmentation. The red region is the new exclusion
due to relaxion fragmentation.
ruled out due to the other constraints in the plane (Λb, f) in Fig. 8. We therefore
conclude that, if no new element is added to modify the late-time evolution of the
relaxion population, this realization of the relaxion mechanism is excluded.
Note that this conclusion remains unchanged if we relax equation (4.31) and
instead impose H > Λ2/
√
3MPl, assuming that the relaxion energy density is sub-
dominant compared to hidden sector radiation (which eventually decays into the SM
before BBN). The only conditions which depend on the precise value of the Hub-
ble rate are (4.21), (4.22) and (4.23). The conditions (4.22) and (4.23) affect the
constraints in the plane (Λ, g′). The condition (4.23) depends on the relaxion mass
indirectly, so also affects the (Λb, f). By increasing H, Eq. (4.23) becomes easier to
satisfy, then we could reopen a region in the (Λ, g′) plane which could be probed by
SHiP/CHARM. However, the whole parameter space is still excluded in the (Λb, f)
plane. While the BBN constraints can be evaded since the relaxion abundance would
now be diluted, the astrophysical bounds are still excluding the full region. The only
way to save the ‘relaxion after inflation’ scenario in models with Higgs-independent
barriers would require to question the application of supernovae bounds to axions,
following for instance [29]. Alternatively, one can try to combine this construction
with the double scanner mechanism presented in Ref. [2], where a second scalar field
scans the barriers’s amplitude. In order to suppress the fragmentation effect, this
extra scanner field would have to cancel the amplitude of the cosine potential during
the scanning of the Higgs mass parameter. Here we do not pursue this possibility
further and leave these studies for future work.
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Figure 8. Case of relaxation AFTER inflation with EW gauge boson production as
described in Section 4.1. Pale regions were the allowed region derived in Ref. [4] without
including the effect of relaxion fragmentation. The red region is the new exclusion due to
relaxion fragmentation, which rules out everything under the assumption that the relaxion
dominates the energy density of the universe during relaxation (Eq. 4.31).
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4.2 Relaxation during inflation
We now consider the case in which the relaxion slowly rolls down its potential during
inflation, with a velocity φ˙ = φ˙SR = gΛ3/(3H). As before, we assume that the
following conditions hold:
H >
Λ2√
3MPl
Inflaton dominates the energy density (4.35)
H <f Relaxion present during inflation (4.36)
H <Λ Shift-symmetry broken during inflation (4.37)
φ˙SR
H
>
H
2pi
Classical evolution (4.38)
We assume that either fragmentation is suppressed by Hubble friction, or that, if
present, its time-scale is longer than the time needed to complete a full field excursion
Λ/g′:
φ˙3SRH >
piΛ8b
2f
(
W0
(
32pi2f 4
e φ˙2SR
))−1
(4.39)
or, if Eq. (4.39) is violated,
∆φ < ∆φfrag =
fφ˙4SR
2piΛ8b
log
(
32pi2f 4
φ˙2SR
)
, (4.40)
where Eq. (4.39) comes from violating Eq. (2.12), ∆φ = Λ/g′ as usual, and we neglect
the logarithmic dependence taking W0(. . . ) ≈ log(. . . ) ≈ 50. The above conditions
can be rewritten in a compact form as
H < max
{
1
3
(
2f ′g3Λ9
3piΛ8b
W0(. . . )
)1/2
,
1
3
(
f ′g4g′Λ11
2piΛ8b
log(. . . )
)1/4}
. (4.41)
The allowed parameter space for this scenario is shown in Fig. 9. The contours in
the plane (Λb, f) do not depend on any choice of H, and they are obtained by using
the conditions of the form H < . . . and those H > . . . to get inequalities independent
of H. Details on the origin of the constraints delimitating the allowed regions are
provided in Figs. 31–33 of Appendix E.4. Fig. 9 shows the relaxion parameter space
including the new exclusion due to relaxion fragmentation in red.
4.2.1 Relaxion Dark Matter
As it was discussed in Ref. [11], after inflation has ended the relaxion is produced
from scattering with the thermal Standard Model plasma, and its relic abundance can
match the observed DM one. The main production channel is Compton scattering
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Figure 9. Relaxation with EW gauge boson production during inflation. White region
is the would-be allowed region that was derived in Ref. [11], not including the effect of
relaxion fragmentation. The red region is the new exclusion due to relaxion fragmentation.
For more details on the delimitating lines, see Figs. 31, 32, 33 in Appendix E.4.
off electrons γ + e ↔ φ + e, which is active until electrons become non-relativistic.
Imposing that the relaxion is stable on cosmological timescales, enough long-lived
to avoid indirect detection constraints on decaying DM, and heavy enough to avoid
the Ly-α constraints on hot DM, the relaxion is a viable DM candidate for mφ ≈
2 − 17 keV. We repeated the analysis of [11], imposing the additional constraint of
Eq. (4.41), and we found that the conditions on the relaxion’s lifetime are always
stronger than Eq. (4.41). In other words, fragmentation is never efficient in the
parameter space of relaxion DM, and the results of [11] are unchanged.
Fragmentation opens up another interesting possibility for relaxion DM. If relax-
ation takes place after inflation, and the relaxion is only a subdominant component
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of the energy density at that time, the relaxion particles produced by fragmentation
can in principle have the correct relic abundance to represent a good warm DM can-
didate, similarly to Ref. [30]. We postpone the study of this effect and of the details
of the relaxion cool down to a future work.
Irrespectively of fragmentation, the computation of the relic abundance per-
formed in [11] could be used to look for regions of parameter space in which the
relaxion is overabundant. Such regions, if they exist, would then be excluded, unless
the cosmological history is modified including a phase of dilution, or additional decay
channels are added to make the relaxion unstable. This would affect the parameter
space displayed in Fig. 9. We do not pursue this aspect any further here.
5 Summary and outlook
The production of relaxion particles during the evolution of the homogeneous relaxion
field while rolling down its potential had so far been ignored in the relaxion literature.
Technical details about this effect, dubbed axion fragmentation, are presented in a
companion paper [5]. Here we showed that axion fragmentation can act as an efficient
source of friction and eventually stop the relaxion field. This opens parameter space
for the relaxion mechanism, especially in the original implementation of the relaxion
mechanism of Ref. [1] (referred as GKR). This can also severely reduce the parameter
space in the second class of models [3, 4] where the potential barriers are Higgs-
independent and relaxation starts in the EW broken phase. The parameter space
comprises the cutoff scale Λ, the relaxion coupling g′, the size of the periodic potential
barrier Λb, and, in the case where we invoke inflation, the value of the Hubble scale
during inflation HI . These parameters can also be traded for Λ, g′, mφ and MI ,
where mφ is the relaxion mass and MI is the scale of inflation.
We have worked out in detail the precise regions of parameter space when the
relaxion mechanism is successful. In particular, an important question is whether
cosmological relaxation of the EW scale can occur without inflation, as this clearly
modifies the perspectives and constraints for model building. We have shown that
this is possible in the case of Higgs-dependent barriers.
For given values of the cutoff scale Λ and the relaxion coupling g′, Λb, there are
three ways by which a relaxion with Higgs-dependent barriers can be stopped during
an inflation era: From Hubble friction (as in [1]), from large barriers and low Hubble
friction, from relaxion particle production and low Hubble friction. These last two
cases were not considered in Ref. [1]. They correspond to distinct values of HI and
Λb (equivalently of MI and mφ). This is summarised in Fig. 2 and 4. If instead
the relaxion has Higgs-independent barriers and an additional coupling to EW gauge
bosons φWW˜ and φBB˜, it can still be stopped during inflation, as shown in Fig. 9.
Our results are summarised in the points below.
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• Relaxation via Higgs-dependent barriers [1]:
– During inflationary stage not driven by the relaxion (Section 3.1, bench-
mark points a, b, c, d). Cutoff scale can be as high as 109 GeV as in the
original proposal. Interestingly, relaxion fragmentation opens the parame-
ter space towards smaller inflationary scale O(100) TeV and heavier relax-
ion O(1) GeV. The inflationary stage can be much shorter, O(10) e-folds,
and therefore does not have to be tied to the inflationary stage responsible
for cosmological perturbations. Besides, a larger range of barrier sizes Λb
are now allowed, up to a TeV. In this new parameter space, the cutoff
scale can be as high as several hundreds of TeV and the field excursion is
mostly subplanckian. The relaxation can also be stopped simply because
of larger barriers. In this case, the relaxion mass is also larger than in the
original proposal.
– Without inflation (either before or after), the relaxion may dominate or
not the energy density of the universe (Section 3.2, benchmark points
e, f, g). Interestingly, the relaxion can stop without the need for inflation,
only from the fragmentation effect! Our analysis shows that the cut-off
scale Λ cannot be pushed very high. The main obstacle comes from the
initial velocity of the relaxion φ˙0. If it is slightly lower than the cutoff scale
squared, the fragmentation effect can very efficiently stop the relaxion
and relaxation without inflation can work even for large cutoff values Λ.
However, the natural value expected for the relaxion initial velocity is of
order Λ2 and in this case, the cutoff scale can be pushed to ∼ 20 TeV.
– During an inflationary stage driven by the relaxion (Section 3.3, bench-
mark point h). Another economical relaxion model does not require any
other scalar field driving inflation. The relaxion itself could trigger an
inflationary stage and then self-stops because of fragmentation. Interest-
ingly, the cutoff scale can be pushed to ∼ 300 TeV in this case. The
associated number of efolds varies between O(10) to O(105) depending on
the cutoff scale.
• Relaxation via Higgs-independent barriers and EW gauge boson production
[3, 4]:
– After inflation (Section 4.1, benchmark pointsA,B,C,D,E). While Ref.[4]
had stressed the possibility to achieve relaxation without inflation, the
present work shows that the effect of fragmentation is actually so efficient
in this scenario that it completely kills it. In fact, the relaxion always
stops too early before it reaches the correct EW scale.
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– During inflation (Section 4.2, benchmark points F,G,H). We showed that
the only way to save the mechanism of [3] is to have it happen during
inflation.
In all cases where relaxion fragmentation is responsible for stopping the relaxion,
we predict a relaxion mass heavier than in GKR, mφ & O(1) GeV. The various
scenarios we have looked at are compiled in Tables 1 and 2. They would deserve some
further attention. In each case, there are specific cosmological histories (summarized
in Appendix F) and it remains to look in more details at the model building and
phenomenological aspects of each of them. In particular, it will be interesting to
revisit the scenario of relaxion dark matter.
In this paper we have discussed two main classes of relaxion models. One may
wonder whether relaxion fragmentation has any implication for the QCD axion model
discussed first in [1]. In this case, the Higgs-dependent barrier is much smaller,
Λ4b ∼ Λ3QCDmu. Then, from Eq. (3.23) where f scales as Λ8b , it is clear that for
fragmentation to effectively stop the relaxion without inflation, we would need an
unacceptably small value for f unless the initial relaxion velocity is tuned to be
somewhat smaller than Λ2. So there are no implications for the QCD relaxion model.
The non-QCD model with Higgs-dependent barriers requires the introduction of new
weak scale fermions charged under SU(2), see equation (A.7) in Appendix A. This
is good from the point of view of testability [20], as future high energy colliders can
in principle test this scenario. However, a compelling possibility would be that the
relaxion mechanism does not require the introduction of the weak scale by hand. In
fact, such ‘coincidence’ problem was solved in [2], which showed that the relaxion
mechanism does not require any new weak scale physics and thus does not predict
any signals at collider experiments. The new physics responsible for solving the
hierarchy problem may instead only feature very weakly coupled and light axion-like
particles. In [2], the weak scale is generated dynamically though a double-scanner-
field mechanism. It would be interesting to investigate the implications of relaxion
fragmentation on the parameter space of this scenario. Further phenomenological
aspects of relaxion particle production such as dark matter and gravitational waves
remain to be investigated. Besides, another potential signature in our framework
could come from domain walls. We leave these topics for future work.
To conclude, the fragmentation of the relaxion is a generic effect present in
all relaxion constructions, even beyond the scenarios discussed above, and should be
taken into account in all future relaxion implementations as this can alter predictions
substantially.
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Inflationary a la GKR φ˙0 = φ˙SR 12 φ˙0 ≶ Λ2b ∆t1 > H−1
(Sec. 3.1.1)
Inflationary with large barriers φ˙0 = φ˙SR 12 φ˙0 < Λ
2
b ∆t1 < H
−1
(Sec. 3.1.2)
Inflationary with particle production φ˙0 = φ˙SR 12 φ˙0 > Λ
2
b ∆t1 < H
−1
(Secs. 3.1.3, 3.3, 4.2)
Non-inflationary φ˙0 ∼ O(Λ2) < φ˙SR 12 φ˙0 > Λ2b ∆t1 < H−1
(Secs. 3.2, 4.1)
Table 1. Comparison of relaxion models examined in this paper, in terms of the initial
relaxion velocity compared to the slow-roll velocity, the initial kinetic energy compared to
the final potential barriers and the 1-period rolling time compared to the Hubble time.
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Stopping mechanism Relevant sections
Relaxion model and corresponding and figures
benchmark points
During inflation with General overview: Sec. 3.1 and Figs. 1–4
Higgs-dependent barriers a : Fragmentation: Figs. 17–23
and subdominant ρφ a , b : Large barriers: Figs. 15,16
(non-QCD model of [1]) a , b , c , d : Hubble friction: Fig. 14
After or before inflation,
Higgs-dependent barriers e , f , g : Fragmentation: Sec. 3.2
ρφ can dominate Figs. 5 and 25–27, 37–36
(non-QCD model of [1])
During inflation with
Higgs-dependent barriers h : Fragmentation: Sec. 3.3
ρφ dominating Figs. 6 and 28–30, 39
(non-QCD model of [1])
After inflation with
Higgs-INdependent A , B , C , D , E : Sec. 4.1
barriers, ρφ dominating Fragmentation excludes Figs. 7,8
(model of [3, 4]) the model
During inflation,
Higgs-INdependent F , G , H : Sec. 4.2
barriers, ρφ sub-dominant EW gauge boson production Figs. 9 and 31–33
(model of [3, 4])
Table 2. Summary of relaxion models examined in this paper with their benchmark points
analysed in the respective figures.
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A Origin of the backreaction term
Here we discuss the simple UV completion which leads to Higgs-dependent barriers
for the relaxion potential used in Section 3. Let us assume that the relaxion couples
to the field strengths GG˜ of a new strongly interacting gauge group, and that new
fermions L,Lc, N,N c are charged under this group. Under the Standard Model gauge
group, the fermions L,Lc have the same quantum numbers as left- and right-handed
leptons respectively, while N,N c are singlet. The Lagrangian of this model is:
L = −mNNN c −mLLLc + yHLN c + y˜H†LcN + φ
f
GG˜+ h.c. (A.1)
With a chiral rotation of the new fermion phases, the last term can be cancelled and
the field φ appears as a phase in the mass terms. Let us assume that mL  4pifpi 
mN , where fpi is the confinement scale. Integrating out the L fermions one gets
L = −
(
mN + yy˜
|H|2
mL
)
NN c cos
φ
f
. (A.2)
Below the confinement scale, one can replace NN c with 〈NN c〉 = 4pif 3pi . After EW
symmetry breaking, the Higgs can be expanded as H = 〈h〉+h, where we denote by
〈h〉 the Higgs VEV. Hence
L = −
(
mN + yy˜
〈h〉2
mL
+ yy˜
h2
mL
+ yy˜
2〈h〉h
mL
)
(4pif 3pi) cos
φ
f
(A.3)
The mass mN contains a tree level term and a loop correction,
mN = m
0
N +
yy˜
16pi2
mL log
Λ
mL
. (A.4)
– 39 –
The key point is that the third term in (A.3) generates, when closing the Higgs loop,
a contribution to the relaxion potential. This loop has a natural cut-off at 4pifpi. The
potential is then
V =
(
m0N +
yy˜
16pi2
mL log
Λ
mL
+ yy˜
〈h〉2
mL
+
yy˜
16pi2
(4pifpi)
2
mL
)
(4pif 3pi) cos
φ
f
(A.5)
Finally, we impose that the wiggles are dominated by the term proportional to the
Higgs VEV 〈h〉2. The tree level mass m0N can be set to 0, while comparison with the
other terms give
fpi < 〈h〉 (A.6)
mL <
4pi 〈h〉√
log(Λ/mL)
(A.7)
The scale fpi must be below the EW scale, while mL can go up to the TeV. This
strongly constrains the model, because the N,L fermions (or at least one of them)
are charged under the Standard Model, and cannot be too light. On the other hand,
this feature makes the model testable. Experimental bounds on this model have been
discussed in [20]. The backreaction term thus reads Vbr = Λ2br〈h〉2 cosφ/f with
Λ2br ≈
yy˜
mL
(4pif 3pi) < yy˜ f
2
pi < yy˜ v
2
EW < 16pi
2v2EW (A.8)
or, using our notation Λ4b〈h〉2/v2EW cosφ/f ,
Λ2b < 4piv
2
EW. (A.9)
B Stopping condition for Higgs-dependent wiggles
In this Appendix, we discuss the stopping condition of the relaxion in the case of
Higgs-dependent barriers and negligible particle production. For this, let us solve
the following equation of motion:
φ¨+ 3Hφ˙− 1
f
Λ4b(φ) sin
φ
f
− gΛ3 = 0. (B.1)
We consider the evolution from the time when EW symmetry gets broken and we
assume that the Higgs field always tracks its VEV at the minimum of its potential
such that Λ4b(φ) = Λ˜3(φ − Λ/g′). The initial condition is φ(0) = Λ/g′, φ˙(0) =
gΛ3/3H ≡ φ˙SR. Let us define the dimensionless variables and parameters:
θ ≡ 1
f
(
φ− Λ
g′
)
, τ ≡ φ˙SR
f
t, a ≡ φ˙
2
SR
gΛ3f
=
φ˙SR
3Hf
, b ≡ gΛ
3
Λ˜3
. (B.2)
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Here a controls the size of the Hubble friction. Small (large) a means strong (weak)
Hubble friction. b controls the shape of the potential. The first local minimum
appears around φ−Λ/g′ ' bf . In the UV completion described in Appendix A, b is
calculated as
b =
g
g′
λ
yy˜
Λ2mL
4pif 3pi
. (B.3)
fpi should be below the EW scale while mL should be above O(100) GeV because of
collider constraints. Hence, b & Λ2/v2EW  1 if g ∼ g′. Eq. (B.1) can be rewritten as
d2θ
dτ 2
+
1
a
(
dθ
dτ
− 1
)
− 1
ab
θ sin θ = 0. (B.4)
which we solve numerically. The initial condition is θ(0) = 0, θ′(0) = 1. The
numerical value of limτ→∞ θ(τ) is shown in Fig. 10. We can see θ(∞) = (1/f)(φ(∞)−
Λ/g′) becomes constant if a = φ˙SR/3Hf  1, and θ(∞) becomes proportional to a
if a 1.
In the case a  1 (φ˙SR  3Hf), φ˙ always tracks V ′/3H because the friction
term 3Hφ˙ is much larger than φ¨ ∼ φ˙/∆t1, where ∆t1 ∼ f/φ˙SR is the time scale to
traverse on one wiggle and H∆t1  1. As a result, the relaxion stops immediately
when V ′ = 0 is satisfied. The terminal value of θ is limτ→∞ θ(τ) ' a. In the language
of φ,
lim
t→∞
φ(t) ' f × gΛ
3
Λ˜3
. (B.5)
This means the rolling of φ stops immediately when Λ4b(φ) = gΛ3f is satisfied, i.e.,
the relaxion stops immediately when the first local minimum appears. This is the
stopping condition which is discussed in the original paper [1] and labelled as ’GKR’
in the main text.
On the other hand, in the case of a 1 (φ˙SR  3Hf), φ˙ does not track V ′/3H
because H∆t1  1. Hubble friction is inefficient during one wiggle and the energy
is almost conserved. However, the Hubble friction reduces the energy of the relaxion
after traversing a large number of wiggles. Thus, we can define φ-dependent “energy”
ε(φ) and φ˙ can be written as
φ˙ =
√
2ε(φ)− 2Λ4b(φ) cos
φ
f
, (B.6)
After traversing on a large number of wiggles, ε(φ) is set to cancel to the Hubble
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Figure 10. limτ→∞ θ(τ) of the solution of Eq. (B.4). We take b = 100 in the left panel,
and 1000 in the right panel. The black dashed line shows θ(τ) = b, and the green dashed
line shows θ(τ) = (pi2/16)ab.
friction and the acceleration by the slope during the time to traverse on one wiggle:
3H
∫ 2pif
0
dδφ
√
2ε(φ)− 2Λ4b(φ) cos
δφ
f
= gΛ3 × 2pif. (B.7)
There is no solution for ε with φ > (pi2/16)abf in the above equation. Thus, the
relaxion is stopped at
lim
t→∞
φ(t) =
pi2
16
abf =
pi2
16
φ˙2SR
Λ˜3
. (B.8)
At this point, the height of the barrier is roughly equal to the kinetic energy with the
slow roll velocity φ˙2SR/2. This stopping condition has not been discussed in Ref. [1].
C Effect of quantum fluctuations
Reference [1] (see Fig. (2) and the text) points out that, before actually stopping,
there is a short phase in which the relaxion dynamics is dominated by quantum
jumps of order H/(2pi). Referring to the notation in that figure, we distinguish 4
periods:
A: Classical rolling dominates
B: Classically unstable, large quantum fluctuations
C: Classically stable, large quantum fluctuations
D: Classically stable and suppressed quantum fluctuations (lifetime larger than
the age of the Universe)
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Appendix. D shows that period C is extremely short. Here we estimate the duration
of period B. To simplify the discussion, we approximate the potential with discrete
steps, as in Fig. 11. In region 1, the velocity of the field is φ˙1 = (gΛ3 + Λ4b/f)/(3H),
while in region 2, it is
φ˙2 =
gΛ3 + Λ4b/f
3H
. (C.1)
We impose φ˙2 = H/(2pi), and using Λ4b = M2h2 we obtain
h2B =
gΛ3f − 3
2pi
H3f
M2
= v2EW
(
1−
3
2pi
H3
gΛ3
)
(C.2)
where the second term in the parenthesis is 1 because of the condition of classical
rolling.
A B1
2
Figure 11. Simplified potential
D Bounce action for the relaxion
Because of the slope term, the vacuum is metastable in the relaxion potential. The
lifetime of the vacuum should be sufficiently longer than the age of the universe.
In this appendix, we discuss the bounce action for the quantum tunneling to lower
vacuum. For simplicity, we assume the height of the barrier is constant and take the
following potential:
V (φ) = Λ4b cos
φ
f
− gΛ3φ. (D.1)
The local minima of this potential are at
φ = (2n− 1)pif − f arcsinκ, (D.2)
Here κ is defined as
κ ≡ gΛ
3
Λ4b/f
. (D.3)
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κ should satisfy |κ| < 1 to have local minima. In this note, we assume κ is positive.
The bounce equation for the vacuum decay is
d2φ
dr2
+
3
r
dφ
dr
+
Λ4b
f
sin
φ
f
+ gΛ3 = 0. (D.4)
The boundary conditions for φ are
lim
r→∞
φ(z) = f(−pi + arcsinκ), dφ
dr
∣∣∣∣
r=0
= 0. (D.5)
The bounce action is given as
SE = 2pi
2
∫ ∞
0
dr r3
[
1
2
(
dφ
dr
)2
+ Λ4b cos
φ
f
− gΛ3φ−
[
Λ4b cos
φ(∞)
f
− gΛ3φ(∞)
]]
.
(D.6)
For later convenience, let us define dimensionless parameters θ and z:
θ ≡ φ
f
, z ≡ Λ
2
br
f
. (D.7)
By using Eqs. (D.4, D.5), we obtain the EOM and the boundary condition for θ:
d2θ
dz2
+
3
z
dθ
dz
+ sin θ + κ = 0, (D.8)
lim
z→∞
θ(z) = −pi + arcsinκ, dθ
dz
∣∣∣∣
z=0
= 0. (D.9)
The bounce action Eq. (D.6) can be rewritten by using θ(z):
SE =
2pi2f 4
Λ4b
∫ ∞
0
dz z3
[
1
2
(
dθ
dz
)2
+ cos θ − κθ − [cos θ(∞)− κθ(∞)]
]
, (D.10)
D.1 Large barrier limit (κ 1)
Let us discuss the case with κ 1, i.e., the case with large barrier. In this case, we
can use thin wall approximation for the bounce calculation.
Let us assume there is a wall at z = z0. Then, the bounce action is
SE × Λ
4
b
2pi2f 4
' −1
4
z40 × 2piκ+ z30
∫ pi
−pi
dθ
dθ
dz
.
= −1
4
z40 × 2piκ+ 8z30 . (D.11)
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Here we used “energy conservation law” around the wall:
1
2
(
dθ
dz
)2
= 1 + cos θ (D.12)
The solution is
dθ
dz
= 2 cos
θ
2
. (D.13)
The bounce action SE given in Eq. (D.11) is extremized at
z0 =
12
κpi
. (D.14)
Thus, the Euclidean action is given as
SE =
6912
κ3pi
f 4
Λ4b
. (D.15)
D.2 Small barrier limit (κ ' 1)
Let us discuss the case with κ ' 1, i.e., the case with small barrier. This situation
is realized in the original GKR scenario [1] which is discussed in Section 3.1. In this
case, we can expand the potential around the local minimum.
cos θ − κθ ' cos θ0 − κθ0 + 1
2
√
1− κ2(θ − θ0)2 − 1
6
(θ − θ0)3, (D.16)
where θ0 = −pi + arcsinκ. Let us define δθ = θ − θ0. Then, the bounce action SE
given in Eq. (D.11) is
SE ≈ 2pi
2f 4
Λ4b
∫ ∞
0
dz z3
[
1
2
(
dδθ
dz
)2
+
1
2
√
1− κ2δθ2 − 1
6
δθ3
]
=
2pi2f 4
Λ4b
√
1− κ2 ×
∫ ∞
0
dw w3
[
1
2
(
dξ
dw
)2
+
1
2
ξ2 − 1
6
ξ3
]
. (D.17)
Here ξ ≡ (1 − κ2)−1/2δθ and w ≡ (1 − κ2)1/4z. Then, by using Eqs. (D.4, D.5), we
obtain the EOM and the boundary condition for ξ:
d2ξ
dw2
+
3
w
dξ
dw
− ξ + 1
2
ξ2 = 0, (D.18)
lim
w→∞
ξ = 0,
dξ
dw
∣∣∣∣
w=0
= 0. (D.19)
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By using the above equations, the integral in Eq. (D.17) can be evaluated numerically:∫ ∞
0
dw w3
[
1
2
(
dξ
dw
)2
+
1
2
ξ2 − 1
6
ξ3
]
= 41.4. (D.20)
Therefore, the bounce action with the small barrier is given as
SE ' 2pi
2f 4
Λ4b
√
1− κ2 × 41.4. (D.21)
D.3 Numerical estimation of a lowerbound on f/Λb
For given κ, the bounce action SE is determined by the value of f/Λb. The lifetime
of our vacuum should be longer than the age of the universe, and this can be realized
if SE & 400. This condition gives a lowerbound on f/Λb as a function of κ. Fig. 12
show the numerical results on the lowerbound on f/Λb. For f/Λb = 10, the lifetime
of the false vacuum is longer than the age of the universe if 1− κ > 1.2× 10−9. For
larger f/Λb, this constraint on κ becomes weaker. Thus, we can see that the vacuum
is stable enough if there is a mild hierarchy between f and Λb unless κ is extremely
close to 1.
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gΛ3
Λb4  f
0.2
0.4
0.6
0.8
1.0
1.2
1.4
bound on
f
Λb
10
-9
10
-7
10
-5
10
-3
1-
gΛ3
Λb4  f
2
5
10
bound on
f
Λb
Figure 12. The lowerbound on f/Λb as a function of κ ≡ gΛ3/(Λ4b/f). The lower panel
shows the lowerbound on f/Λb for κ ' 1.
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E Plots for the relaxion with Higgs-dependent barriers
E.1 Relaxation during Inflation
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Figure 13. Details of the origin of the constraints delimitating the green region presented
in Section 3.1 and Fig. 2 corresponding to the case where relaxation happens through
Higgs-dependent barriers, during a stage of inflation, where the relaxion is a subdominant
component of the energy density of the universe and where the relaxion stops because of
Hubble friction (so-called GKR case).
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Figure 14. Details of the origin of the constraints delimitating the green regions presented
in Section 3.1 and Fig. 4, for each benchmark point a, b, c, d, corresponding to the case
where relaxation happens through Higgs-dependent barriers, during a stage of inflation,
where the relaxion is a subdominant component of the energy density of the universe and
where the relaxion stops because of Hubble friction (so-called GKR case).
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Figure 15. Details of the origin of the constraints delimitating the red region presented
in Section 3.1 and Fig. 2 corresponding to the case where relaxation happens through
Higgs-dependent barriers, during a stage of inflation, where the relaxion is a subdominant
component of the energy density of the universe and where the relaxion stops because of
large barriers.
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Figure 16. Details of the origin of the constraints delimitating the red regions presented
in Section 3.1 and Fig. 4, for benchmark points a, and b, corresponding to the case where
relaxation happens through Higgs-dependent barriers, during a stage of inflation, where the
relaxion is a subdominant component of the energy density of the universe and where the
relaxion stops because of large barriers.
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Figure 17. Details of the origin of the constraints delimitating the blue region presented
in Section 3.1 and Fig. 2 corresponding to the case where relaxation happens through
Higgs-dependent barriers, during a stage of inflation, where the relaxion is a subdominant
component of the energy density of the universe and where the relaxion stops because of
fragmentation.
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Figure 18. Details of the origin of the constraints delimitating the blue regions presented in
Section 3.1 and Fig. 4, for benchmark points a, corresponding to the case where relaxation
happens through Higgs-dependent barriers, during a stage of inflation, where the relaxion
is a subdominant component of the energy density of the universe and where the relaxion
stops because of fragmentation.
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Figure 19. Same as Fig. 18 (fragmentation during inflation) but in the (Λb, f) plane.
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Figure 20. Same region as in Fig. 17 (fragmentation during inflation) where we show the
contours of the minimum (left) and maximum (right) values of the inflationary scale MI in
GeV.
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Figure 21. Same region as in Fig. 17 (fragmentation during inflation) where we show
the contours of the maximum value of the scale f in GeV. The minimal value of f is, in
the region of interest, always equal to the cut-off scale Λ, as required by the condition in
Eq. (3.5) on the consistency of the symmetry breaking pattern.
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Figure 22. Same region as in Fig. 17 (fragmentation during inflation) where we show the
contours of the minimum (left) and maximum (right) values of the scale Λb in GeV. The
maximal value of Λb is, in the region of interest, always equal to
√
4pivEW, as required by
Eq. (3.6).
– 53 –
10
3
10
4
10
5
10
6
10
-18
10
-15
10
-12
10
-9
10
-6
10
-3
10
3
10
4
10
5
10
6
10
-18
10
-15
10
-12
10
-9
10
-6
10
-3
Figure 23. Same region as in Fig. 17 (fragmentation during inflation) where we show
the contours of the minimum (left) and maximum (right) values of the relaxion mass m˜φ
in GeV.
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Figure 24. Same region as in Fig. 17 (fragmentation during inflation) where we show the
contours of the minimum (left) and maximum (right) values of the number of e-folds Ne
required for a successful relaxation.
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E.2 Self-stopping relaxion without inflation
103 104 105
10-18
10-15
10-12
10-9
10-6
10-3
e
103 104 105
10-18
10-15
10-12
10-9
10-6
10-3
f
103 104 105
10-18
10-15
10-12
10-9
10-6
10-3
g
Microscopic origin of the barriers
Eq. (3.6) and Symmetry breaking
pattern Eq. (3.5)
No slow-roll Eq. (3.26)
Velocity larger than Λ2b and Sym-
metry breaking pattern Eq. (3.5)
Slope can be neglected Eq. (2.13)
Figure 25. Details of the origin of the constraints delimitating the regions presented in
Section 3.2 and Fig. 5, for benchmark points e, f and g, corresponding to the case where
relaxation happens through Higgs-dependent barriers, NOT during a stage of inflation,
where the relaxion stops because of fragmentation. Top: φ˙0 =
√
2g/g′ Λ2 within g/g′ = 1
(left) and g/g′ = 1/(4pi)2 (right). Bottom: φ˙0 = 10−2Λ2.
– 55 –
103 104 105
10-18
10-15
10-12
10-9
10-6
10-3
2
4
6
8
10
12
14
103 104 105
10-18
10-15
10-12
10-9
10-6
10-3
2.
2.5
3.
3.5
103 104 105
10-18
10-15
10-12
10-9
10-6
10-3
3
5
7
9
11
13
103 104 105
10-18
10-15
10-12
10-9
10-6
10-3
1.5
2.
2.5
3.
103 104 105
10-18
10-15
10-12
10-9
10-6
10-3
3
5
7
9
11
13
103 104 105
10-18
10-15
10-12
10-9
10-6
10-3
1.
1.5
2.
2.5
Microscopic origin of the barriers
Eq. (3.6) and Symmetry breaking
pattern Eq. (3.5)
No slow-roll Eq. 3.26
Velocity larger than Λ2b and Sym-
metry breaking pattern Eq. (3.5)
Slope can be neglected Eq. 2.13
Figure 26. Same regions as in Fig. 25 (self-stopping relaxion NOT during inflation)
where we show the contours of log10(fmax) (left) and log10(Λb,min) (right) in GeV. From
top to bottom: φ˙0 =
√
2g/g′ Λ2 with g/g′ = 1, φ˙0 =
√
2g/g′ Λ2 with g/g′ = 1/(4pi)2, and
φ˙0 = 10
−2Λ2. Contours for Λb,max and fmin are trivial as they saturate their respective
maximal and minimal allowed values, i.e., Λb,max =
√
4pi vEW and fmin = Λ.
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Figure 27. Contours of m˜φ, as defined in Eq. (3.11), in the allowed range of f and Λb
for the three benchmark points e, f , g in Fig. 5 corresponding to the case of self-stopping
relaxion NOT during inflation discussed in Sec. 3.2.
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E.3 Self-stopping relaxion triggering a stage of inflation
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Figure 28. Allowed parameter space in the plane g′,Λ for the case discussed in Sec. 3.3,
of a self-stopping relaxion, where the relaxion dominates the energy density of the universe
during relaxation and drives an inflationary period. The dotted lines are the contours of
number of efolds of inflation, log10(Nefolds).
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Figure 29. Same region as Fig. 28 where we show the contours of log10(fmax) (left) and
log10(Λb,min) (right). The values of Λb,max and fmin saturate to Λb,max =
√
4pi vEW and
fmin = Λ, respectively.
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Figure 30. Contours of m˜φ, as defined in Eq. (3.11), in the allowed range of f and Λb
for the benchmark point h in Fig. 6, discussed in Sec. 3.3, corresponding to the scenario
of a self-stopping relaxion, where the relaxion dominates the energy density of the universe
during relaxation and drives an inflationary period.
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E.4 Relaxation through EW gauge boson production during inflation
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Figure 31. Details of the origin of the constraints delimitating the allowed regions
presented in Section 4.2 and Fig. 9, corresponding to the case where relaxation happens
through Higgs-INdependent barriers, during a stage of inflation, where the relaxion is a
subdominant component of the energy density of the universe and where the relaxion stops
because of EW gauge boson production.
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Symmetry breaking pattern
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No restoration of the shift symme-
try Eq. (4.21) and Eq. (4.24)
Suppressed coupling to photons
Eq. (4.23)
Figure 32. Same as Fig. 31 (EW gauge boson production during inflation) but in the
(Λb, f) plane, for each benchmark point F , G, H. Here we only show the contours that do
not depend on fragmentation. The new exclusion lines due to relaxion fragmentation are
shown in Fig. 33.
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Figure 33. Same as Fig. 32 (EW gauge boson production during inflation). The gray
region is the envelope of the contours shown in Fig. 33. The coloured contours are obtained
by imposing that fragmentation is not efficient (see Sec. 4 in the main text for further
explanation)
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F Cosmological histories
In this appendix, we illustrate and comment on the possible cosmological scenarios
that could arise in the various cases we have discussed.
First, in the case of relaxation with Higgs-dependent barriers which happens dur-
ing inflation (Section 3.1), we assume the energy density of the universe is dominated
by the inflaton, and the relaxion is a subdominant component (see Fig. 34). The
universe is eventually reheated from the inflaton energy density and cosmological
perturbations are inherited from the inflaton. Generally, the energy density stored
in relaxion oscillations is subdominant, see e.g. [2]. One has nevertheless to make
sure that the relaxion vacuum energy density does not eventually take over, so it
should decay (for instance by introducing a new coupling to gauge bosons) or the
corresponding cosmological constant should be cancelled. In the new scenario that
we have discussed where the relaxion stops because of fragmentation (section 3.1.3),
most of the relaxion kinetic energy goes into relaxion particles which behave as hid-
den radiation that gets diluted away by inflation. Note also that in this case, the
number of efolds and the inflation scale can be small (see Fig. 4 and Fig. 3), this
means even a short late stage of inflation is enough for relaxation of the EW scale,
and we do not have to impose necessarily that this stage of inflation is responsible
for cosmological perturbations.
In the case of relaxation before inflation with axion fragmentation (section 3.2),
there is no concern and standard big bang cosmology can proceed. This case is shown
in Fig. 35.
We now discuss the case where relaxation takes place after inflation, while the
universe has been reheated into some hidden radiation, and ends because of axion
fragmentation (Sec. 3.2). Fig. 36 shows the situation where the relaxion is a subdom-
inant component of the energy density during relaxation, for which there is no need
to worry about overclosure of the universe by the relaxion. The underlying assump-
a
ρtot(a)
M4I
Λ4
inflation
relaxation
ρR ∝ a−4
Figure 34. Sketch of the energy density of the universe as a function of the scale factor
in the scenario discussed in Sec. 3.1 where relaxation happens when the energy universe is
dominated by the inflaton potential.
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Figure 35. Sketch of the energy density of the universe as a function of the scale factor
when relaxation happens before inflation and ends because of axion fragmentation.
tion is that the relaxion potential emerges from a sector independent from the one
dominating the energy density. In contrast, Fig. 37 corresponds to the case where
the relaxion potential emerges due to coupling to the hidden radiation and therefore
relaxation starts when the relaxion energy density dominates. In this case, we need
to introduce a coupling to photons as discussed in Sec. 3.2.1 to avoid that the relax-
ion energy density takes over eventually and overclose the universe. The evolution of
the equation of state of the universe until fragmentation starts is shown in Fig. 38.
In the cases (a-b-c) of Fig. 37, we need to assume that the relaxion eventually decays
into photons to recover a standard radiation era. In case (d), we assume a stage of
kination domination may enable hidden radiation to dominate after relaxation.
Finally, there is the case where the relaxion drives a stage of inflation as discussed
in Sec. 3.3. This is illustrated in Fig. 39. At the end of relaxation, the energy
density of the universe is in relaxion radiation. This should be followed by a stage
of standard inflation and then by reheating (we know that the relaxion cannot lead
to the correct size of perturbations [27]). Alternatively, this period can follow the
standard inflationary epoch in which curvature perturbations are generated, provided
that it lasts for less than O(10) efolds.
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Figure 36. Sketch of the energy density of the universe as a function of the scale factor
in the case where relaxation takes place after inflation and when the energy density of the
universe is dominated by a hidden sector that later decays into the SM.
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(a)
a
ρtot(a)
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inflation
relaxation
ρh ∝ a−3(1+ωh)
ωh > 1/3
ρφ ∝ a−4
Λ4
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ρtot(a)
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inflation
relaxation
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(d)
Figure 37. Sketch of the energy density of the universe as a function of the scale factor
for cases where relaxation happens after inflation when the energy density is dominated
by the relaxion field, i.e. H ∼ Λ2/(√3MPl). (a): Hidden sector red-shifts as radiation,
which makes this scenario very constrained by dark radiation bounds; (b): Hidden sector
red-shifts faster than radiation ωh > 1/3 (as a kination-like period); (c): There is a period
of matter domination after relaxation. (d): Hidden sector red-shifts as radiation and at the
end of relaxation ωφ > 1/3 (kination-like). At late times the hidden sector decays into the
Standard Model particles.
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ϕ (t=0) = 0.5Λ2
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ϕ (t=0) = 1.5Λ2
Figure 38. Equation of state of the universe in model with self-stopping relaxion, for
Λb = 800 GeV, Λ = 8 TeV, g = 2× 10−14, and f is determined by the stopping condition.
This corresponds to the cases in Fig. 37 where the relaxion dominates the energy density.
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ρtot(a)
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Figure 39. Sketch of the energy density of the universe as a function of the scale factor
in the scenario where the relaxion drives an inflationary period.
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